We investigate the effect of doping on quantum dot (QD) solar cells by analysing their behavior in terms of photovoltaic characteristic, external quantum efficiency, and photoluminescence (PL) at room temperature. The analysis addresses the two most widespread methods for QD selective doping, namely modulation and direct doping, to gain a comprehensive device-level assessment of the impact of doping profile and density on the solar cell behavior. Devices are simulated using a physics-based model that accurately describes QD carrier dynamics within a semi-classical drift-diffusion-Poisson model. Different scenarios in terms of crystal quality are considered: in the high-quality material, close to radiative limit, large open circuit voltage recovery is predicted, due to the suppression of radiative recombination through QD ground state. In the defective material, significant photovoltage recovery is also attained owing to the suppression of both nonradiative and QD ground state radiative recombination. In both cases, PL emission from extended wetting layer states becomes dominant at high doping density. The interplay between nonradiative and QD radiative recombination channels, and how their interaction is modified by doping, are analyzed in detail. Strong influence on the cell behavior of unintentional background doping of interdot layers and markedly nonlinear behavior of open circuit PL with respect to excitation intensity are demonstrated. The resulting picture provides new insight on the experimental results in literature.
Introduction
Self-assembled InAs/GaAs quantum dot solar cells (QDSC) have been investigated since several years for the practical implementation, in the GaAs material system, of the intermediate band (IB) concept [1] . Despite significant technological progresses and experimental demonstration of the basic IB operating principles by QDSCs [2, 3] , reported devices have not yet met the expectations in terms of enhanced conversion efficiency. The cause is twofold: a weak increase of the short circuit current ( J sc ) coupled and a large reduction of the open circuit voltage (V oc ) with respect to bulk cells. The small enhancement of J sc is inherently related to the small interband optical absorption cross-section per QD layer, which could be circumvented by further optimization of the QD growth, aimed at maximizing the number of stacked QD layers and the QD density, and by photon management via light trapping techniques to enhance the QD effective absorption [4, 5] . On the other hand, V oc preservation appears as an even more complex issue. Even though, under 1 sun illumination, some amount of voltage loss with respect to the reference bulk cell is also predicted by the IB theory, reported V oc penalties are generally much higher than expected. The reason is in the competition between equilibrium and non-equilibrium charge-transfer processes between QD and barrier states [1, 6] , capture and radiative recombination through QDs of carriers photogenerated in the barrier [7, 8] , and nonradiative recombination due to defects [9] .
Selective QD doping, by modulation doping or direct doping techniques, has been proposed to suppress QD-barrier thermal coupling and mitigate recombination loss [7, 10, 11] . Modulation doping is realized by incorporating δ-doping layers in the GaAs barrier spacers between the QD stacks [7, 12] , whereas direct doping [11, 13] is implemented by incorporating dopant atoms in the InAs QDs during QD growth. Experiments have indeed demonstrated remarkable V oc recovery using this approach, but the underlying mechanisms and their quantitative impact have not yet been completely assessed. At room temperature, V oc preservation through non-equilibrium processes such as second photon absorption does not seem realistic since second photon induced escape rate is always found much lower than thermal and/or field assisted escape rate, even in directly doped QDs wherein twophoton absorption was observable at room temperature [11, 14] . Substantial suppression of nonradiative recombination by QD Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/solmat doping has been inferred in several works: Concerning modulation-doped QDSCs, reduced dark current and improved V oc over undoped samples were reported in Ref. [10] . Substantial V oc recovery and slight reduction of J sc were shown in Ref. [12] and were attributed, also on the basis of device level simulations, to reduction of nonradiative recombination and slightly decreased collection efficiency with respect to undoped cells. With regard to directly doped QDSCs, enhanced photoluminescence (PL), reduced dark current and increase of sub-gap photocurrent were reported in Ref. [11] . Emission properties of directly doped QDs were also studied in Ref. [15] , demonstrating considerably improved PL and reduced thermal quenching. Improved QDSC efficiency with appropriate doping level has been demonstrated in Ref. [16] , where high room temperature PL enhancement and V oc recovery were achieved without J sc reduction. Beyond an optimum doping level, concomitant reduction of PL and J sc were measured. Somewhat in contrast with these results, [13] recently reported large V oc recovery and PL enhancement in doped cells but nonradiative recombination was found to be increased with respect to undoped samples based on the observed degradation of J sc and spectral response. The improvement of V oc despite larger nonradiative recombination was explained by thermal decoupling between QD states and barrier, whose signature may also be the increase of PL intensity (measured at short circuit) with doping reported in Ref. [7] for modulation doped cells.
Overall, experimental results show that QD doping influences different aspects of the cell behavior, leading to conclusions that might appear, at least to some extent, even contrasting, and make it difficult to quantify the actual advantage that could be expected by the use of selective doping in high-quality crystal QDSCs. Crystal quality itself may be actually influenced by direct doping [13, 16] . Moreover, besides QD selective doping, background doping was also shown to affect the device performance and need to be considered when interpreting experimental results [17] . The interpretation of photovoltaic, spectral and PL measurements in solar cell structures is complicated by the fact that doping locally affects QD carriers dynamics but also bulk carrier transport. In fact, carriers captured and escaping from the dots are subject to drift and diffusion across the barrier. Thus, the distribution of photogenerated carriers depends on the effective diffusion length which itself is dependent on features of the interdot layers, such as electrical field and recombination profile, that are modified by the insertion of dopants. On the other hand, a reliable, even quantitative, assessment of how doping affects QD dynamics and photocarrier transport, and their interaction as well, is a key step towards the design of high efficient QDSCs.
In this paper, we present an extensive study on selectively doped QDSCs, using an ad hoc simulation approach, previously developed by some of the authors [8] , that combines a drift-diffusion model for carrier transport in bulk layers with a detailed description of QD interband and intersubband carrier processes. The model was shown to well reproduce the measured characteristics of typical undoped InAs/GaAs QDSCs at room temperature [8] . We discuss here how short circuit and open circuit behavior are influenced by doping profile and density, depending on whether modulation or direct doping is used. A uniform doping situation is also studied, as a limit case representing devices where significant out-diffusion of doping might take place during the fabrication process, yielding a doping profile smoother than the nominal one [12] or even leading to significant, unintentional background doping of the interdot layers [17] . We assume QDs fabricated by optimized growth approaches, wherein significant changes to crystal quality induced by QD growth or selective doping may be discarded. Under this hypothesis, on the basis of the comparative analysis of undoped and doped cells, and of reference bulk cells as well, the inherent role of doping on QD recombination and charge transfer processes from one side, and on transport and collection efficiency from the other side, can be singled out. Doping influence is investigated in both radiative and nonradiative recombination limited barrier layers, by simulating photovoltaic characteristics, spectral response and PL properties, enabling to achieve a deeper understanding of the device physics and to establish a clear link with experimental results.
Method

Model
A sketch of the basic QDSC structure analyzed in this work is drawn in Fig. 1 : N QD layers are uniformly stacked in the intrinsic GaAs region (hereinafter base) between the p-type emitter and the n-type back contact. Optimized devices will typically include widegap window layers as front and back surface fields and a bulk Fig. 1 . Sketch of the studied GaAs p-i-n solar cell with embedded QD layers and the corresponding energy band diagram at thermal equilibrium along cutline A. On the right, QD energy states and interband and intersubband transitions considered in the model. portion of the base. In this work, however, we keep the structure as simple as possible, but not simpler, to allow for clearly identifying the influence of doping on the QD medium and linking the analysis to the widest possible range of experimental results.
As summarized in Fig. 1 , QDSCs are simulated with a numerical model that self-consistently includes a drift-diffusion description of carrier transport in the bulk material and a set of phenomenological rate-equations (REs) for QD carrier dynamics [8] . We briefly summarize here the most relevant aspects on the approach used to model the interband and intersubband carrier dynamics within a drift-diffusion-Poisson framework, while the detailed description of the model equations may be found in Ref. [8] . QDs are modeled as a three [8] . In the present simulations we neglect the modification of the QD potential profile induced by the free carriers accumulated in the QDs and thus the capture/escape time constants are the same as in the undoped case. It is worth noticing that the reduced carrier confinement, as suggested from the GS blue-shift reported for selectively doped QDs (typically limited to a few meV [7, 13] ), would imply a decreased escape time and thus it would enhance rather than contradict the overall trends emerging from our analysis. Therefore, carrier capture and escape rates between j and k state are formulated as [8] : The recombination loss in the QD states is assumed only due to radiative recombination, since we study here the effect of doping in an ideal, defect free, QD material. The radiative recombination in the QD k-th state reads as: 
Analyzed structure and model parameters
We consider QDSCs embedding 20 layers of InAs QDs in a 1000 nm thick intrinsic layer (residual doping of 1 Â 10 13 cm À 3 ). QD density per layer is 6 Â 10 10 cm À 2 . The cell has a p-i-n structure with p-type emitter made by a 50 nm + p GaAs contact layer with doping density of 5 Â 10 18 cm À 3 and a 100 nm p GaAs layer with doping density 1 Â 10 18 cm À 3 ; 1000 nm intrinsic layer containing QDs; 50 nm intrinsic GaAs buffer layer and a 300 nm thick + n GaAs contact layer with doping density of 1 Â 10 18 cm À 3 .
The QD optical photogeneration is modeled following [8] . Interband optical transitions are calculated from the absorption spectrum by accounting for electron and hole occupation in the QD states. The GS and ES absorption spectra have a gaussian shape centered at about 1.13 eV and 1.21 eV, with FWHM linewidth of 70 and 50 meV, respectively. The optical absorption of the WL state is modeled in analogy with the one of a quantum well layer [19] . The detailed wavelength dependence of the optical absorption is reported in Fig. S1 in the Supplementary Material. Model parameters for QD and WL states are summarized in Table 1 .
The model includes barrier radiative recombination, with radiative coefficient set to 2.0 Â 10 À 10 cm 3 s À 1 , and defect induced non-radiative recombination modeled according to Shockley Read Hall (SRH) theory, with carrier lifetimes ranging from 500 ns (high quality material, close to the radiative limit) down to 1 ns (highly defective material). All the presented simulations are done at ambient Temperature, T ¼300 K.
To model the modulation and direct doping case, 5 nm thick δdoping layers are placed in the middle of the GaAs spacer or at the QD layer, respectively. The sheet density of dopants is set to a multiple (α) of the QD density so as to nominally provide α carriers per dot. It is worth noticing that the actual QD filling depends on the interplay between drift-diffusion of free carriers in the bulk and net capture rate in the QDs and is therefore generally found to be non-uniform across the QD layers and different from the nominal per-dot doping density. In the uniform doping case, given a nominal per-dot doping density α, the dopant concentration is calculated by conserving the total (per-unit-area) dopant dose of the δ-doped cells.
Results and discussion
To focus the ideas, we consider the calculated J-V characteristics shown in Fig. 2 for the reference GaAs cell, the undoped QDSC, and n-and p-type modulation-doped QDSCs, assuming SRH lifetime of 500 ns. The n-type modulation doped cell (α ¼4 e/dot) achieves a V oc recovery of about 20 mV with respect to the undoped cell accompanied by a slight reduction of the J sc , whereas the p-type modulation doping (α ¼1 h/dot) causes a pronounced reduction of J sc and no recovery of V oc . It might be worth reminding that in a bulk cell, similar V oc recovery could be expected from p-type and n-type doping (see Fig. S2 in the Supplementary Material). Thus, the strong asymmetry of the QDSC behavior with respect to the doping polarity must be attributed to the QD radiative recombination and the markedly asymmetric dynamics of holes and electrons in the QD states [7] . As discussed in Ref. [20] based on steady state and transient simulations, fast hole dynamics (owing to the closely spaced QD valence band states) and efficient barrier transport are prerequisites to prevent recombination loss across the QDs allowing for high collection efficiency at short circuit and open circuit voltage preservation. QD hole filling impairs the fast hole dynamics and yields a substantial increase of QD capture and recombination loss. In fact, the additional holes accumulated in the QDs because of p-type doping, enhance recombination through the GS state of electrons photogenerated in the barrier or in higher energy QD states and then captured in the GS. Thus, the achievable J sc is significantly reduced and at open circuit QD radiative recombination remains the main cause of V oc reduction. Such behavior was experimentally observed in p-type modulation doped cells in Ref. [12] , but an explanation was not provided; in fact, physics-based simulations reported in Ref. [12] , would have predicted a slight photovoltage recovery, and of the same sign were also the conclusions in Ref. [21] , wherein photovoltage was speculated to improve with doping regardless of whether n-type or p-type. Although the conclusions in [12, 21] on the suppression of the SRH recombination by doping were correct, these works have not fully addressed the implications of the substantial asymmetry of electron and hole dynamics in QDs.
Restricting the analysis to the n-doping approach, it is worth to analyze how the cell behavior is affected by the per-dot doping density, considering the different doping profiles mentioned above, namely direct, modulation and uniform doping. Section 3.1 provides an overview of the results in terms of photovoltaic characteristics. In Sections 3.2 and 3.3 the discussion of short circuit and open circuit behavior is complemented by simulated spectral response and PL, and discussed by analysing the spatial variation of QD occupation and recombination rates across the cell.
Effect of doping profile and doping level on photovoltaic conversion efficiency
An overall assessment of the cell photovoltaic performance dependence on doping profile and density is presented in Fig. 3 considering bulk SRH lifetimes of 500 ns and 10 ns. For the sake of reference, the doping dependent behavior of the REF cell is also reported, showing the well known benefit of base doping in terms of V oc recovery in defective bulk cells [22, 23] . Since QDs act as traps at open circuit, in a similar way doping recovers the V oc of QD cells. As first, we may notice that the undoped QD cells reach similar V oc regardless of the SRH lifetime in the barrier, meaning that V oc is limited by QD radiative recombination. The calculated trends highlight the effectiveness of doping in both the ideal and defective barrier case; the closeness of the curves points out that in the event of added defects induced by QD doping, V oc recovery with respect to the undoped cell may still be appreciable. Comparable V oc recovery is achieved by the different doping profiles, albeit a slight advantage of the modulation doping case is visible. At the highest doping density the estimated recovery ranges between 70 and 90 mV depending on the crystal quality and doping method. Even greater photovoltage improvement might be expected in QDSCs exploiting front and surface back fields, wherein minority carrier recombination at the contacts is suppressed. Although a detailed quantitative comparison is not possible at this time, given the general and simplified device structure under study, the simulated trends are in good agreement with literature, where experimental data on δ-doped cells range from a few mV in Ref. [7] up to 121 mV for the 8 e/dot modulation-doped cell in Ref. [12] (wherein also simulations were presented, with an estimated recovery of about 15 mV for the 8 e/dot cell), and 105 mV for the 18 e/dot directly doped cells in Ref. [13] .
While in the high-quality bulk material ( τ = 500 ns SRH ), V oc monotonically increases with the per-dot doping density, for the higher defective case ( τ = 10 ns SRH ) a slight dip of the V oc curve is observed at low doping levels (α ¼1-2 e/dot, corresponding to 1.2-2.4 Â 10 16 cm À 3 in terms of equivalent background doping). In contrast, in the reference bulk cell, doping always improves the V oc owing to the shrinking of the depleted region and subsequent reduction of SRH recombination. As detailed in Section 3.3, the peculiar behavior of the QDSC at low doping levels arises from the modification of potential and carriers profiles across the cell which, whilst suppressing the radiative recombination through the QDs, enhance the SRH one across the neutral portion of the base. At high doping levels, the saturation of V oc recovery attained by the QDSCs, even in the case of ideal barrier material, suggests that the main limiting factor still is QD radiative recombination, due to the onset of significant recombination through the WL state. As discussed later also on the basis of PL simulations, in the defective bulk cell ( τ = 10 ns SRH ), the dominant recombination mechanism limiting V oc changes as the per-dot doping density increases: in the undoped or very low doping case ( α < 1 e/dot) the dominant recombination process is always radiative recombination through the GS; at α = − 1 2e/dot, SRH recombination is the main one; at intermediate doping levels ( α = − 3 8e/dot) SRH and QD radiative recombination contribute to a similar extent, and finally, at higher doping levels ( α > 8 e/dot), QD recombination through the extended WL states turns to be the dominant recombination mechanism. Since the underlying mechanism is essentially a competition between different loss channels, the indicated values of the per-dot doping density for the onset of the different regimes of recombination, and the sensitivity to unintentional background doping as well, depend on the time constants characterizing the QD charge transfer processes, and thus on specific QD features such as size and shape.
V oc recovery is always accompanied by a decrease of J sc (more pronounced in the modulation doping case) the more relevant, the greater bulk SRH recombination is. Such a behavior is common to all the investigated cells included, as well known, the REF bulk cell. The observed reduction is not the consequence of any additional defect (not included in the model) but rather of the shrinking of the base drift region. In fact, when the base is n-doped, the junction shifts towards the + p contact, increasing the length in the neutral region across which photogenerated carriers need to diffuse before being collected at the contacts. Thus, the J sc penalty is due to a decreased collection of carriers [12] . The amount of J sc reduction as the doping level increases is however strongly affected by the presence of QDs and by the specific doping profile, as discussed in detail in Section 3.2. V oc recovery and J sc degradation yield a trade-off in terms of achievable efficiency as a function of per-dot doping density. The maximum efficiency is found at increasingly higher doping levels for the modulation (4 e/dot), uniformly (8 e/dot), and directly (18 e/dot) doped cells, with an absolute improvement with respect to the minimum observed at α¼1-2 of 0.9%, 1.2%, and 1.7% respectively. Higher efficiency improvement could be within reach in optimized designs, with larger base thickness, optimum placement of the QD layers and use of window layers. Overall, the analysis confirms selective doping as a good strategy for optimizing QDSC design where, coupled with light trapping techniques, it would allow to overcome the efficiency of the reference cell.
Short circuit condition
The observed J sc degradation is further substantiated by the EQE spectra reported in Fig. 4 , that show how the reduction of photocurrent response in the above-gap region for the same nominal per-dot doping level is affected by the specific doping profile. In particular, the penalty within the 600-800 nm wavelength range points out increased recombination in the base region due to the degradation of carriers effective diffusion length and turns to be very sensitive to the doping method. As assessed later on the basis of the analysis of the energy band diagram and QD occupation probability, the degradation of the diffusion length is due to the modulation of the potential and electric field profiles in the base interdot regions, that hinder the transport of free carriers escaping from the QDs or photogenerated in the barrier, yielding an increased recombination through QDs. The limited EQE degradation at increasing doping density in directly doped cells is well matched with the experimental trend observed in [13] for 6-18 e/dot directly doped cells, while a larger change is observed for the modulation doping case in qualitative agreement with [12] . Also the reference cell, coherently with the J sc penalty observed in Fig. 3(b) , shows a significantly reduced EQE in the 600-800 nm wavelength region (see Fig. S2 in the Supplementary Material), causing a penalty of J sc of about 10% at 18 e/dot. This suggests that the EQE degradation reported in Ref. [13] for the 18 e/dot bulk cell with respect to both undoped bulk and QD cells, could be largely attributed to the inherent behavior of the cell and to a lesser extent to doping induced formation of defects. On the other hand, point defects, together with a possible non negligible out-diffusion of dopants (as suggested by the larger change in the EQE predicted for the uniformly doped cell in Fig. 4(b) ) need to be called for to explain the degradation of the directly doped QDSCs in [13] with respect to the undoped ones.
Finally, Fig. 4 highlights the change in sub-gap EQE induced by the QD doping (somewhat less sensitive in this case to the specific doping profile). EQE suppression at the longest wavelengths reflects the electron filling of ES and GS states and the subsequent suppression of optical transitions, while the EQE decrease in the WL wavelength range can again be attributed to a decreased collection efficiency. The resulting picture is in good agreement with the analysis in [12, 13] for modulation and directly doped cells, respectively.
The impact of doping on the collection efficiency is well understood by analysing how the δ-doping layers affect barrier transport and QD carrier filling. To this aim we restrict the analysis to the modulation doped cell, referring the reader at the synoptyc figures in the Supplementary Material for the other doping profiles. The energy band diagrams at short circuit condition, under AM1.5G illumination, for the undoped and modulation doped cells are compared in Fig. 5 .
In the undoped cell, the base is characterized by a high and almost constant electric field that favours the efficient transport of photogenerated carriers towards their respective contacts. On the contrary, the base of the modulation doped cell presents two well defined regions: one region with large band bending towards the p emitter (corresponding to the depleted region that onsets at the pn junction formed by the emitter itself and the first delta-doping layer) and one region with flat energy bands, characterized by a periodic space modulation of the potential, which extends across the base towards the n contact. The depletion region that arises in the interdot layers due to transfer of free carriers from the δ-doping layers into the QDs (see zoom in the inset of Fig. 5(b) ), induces the formation of potential barriers and wells in the conduction and valence band, respectively [24] , which prevent capture of electrons but at the same time promote capture of holes in the QDs. Barrier and well height is found to be proportional to the doping concentration with a value of about 10α meV.
The corresponding QD carrier filling is reported in Fig. 6 : ndoping increases the electron filling of all the QD layers; hole filling decreases in the QD layers next to the junction while it increases by about two orders of magnitude in the QD layers placed in the flat band region (from a depth of 0.5 mm towards the ncontact). The increment of QD electron and hole density in the flat-band region turns into enhanced radiative recombination rate that become competitive against the carrier escape rate out of the QDs. Fig. 7 (a)-(b) shows the corresponding spatial distribution of photogeneration, net escape rate ( − R R ESC CAP ) from the WL to the bulk, and recombination paths through the QD and bulk states. Positive net escape indicates that the QD carriers are extracted out of the QD layer, negative escape rate indicates that the QDs act as capture (or trap) centers. The comparison against the undoped cell points out that in the doped cell QD layers placed in the flat band region poorly contribute to the total J sc , since net escape rate is much smaller than QD photogeneration. In Ref. [20] we have shown that this occurs whenever the bulk hole sweep-out is impaired, as it does happens in this case due to the potential wells arising in valence band, that tend to confine holes within the QD capture range. Finally, QD radiative recombination turns to be Supplementary Material) . As a result, in the QD layers close to the n-contact, QD photogeneration and radiative recombination almost equilibrate each other, yielding the decrease of the sub-gap photocurrent contribution seen in Fig. 4(a) , while enhanced bulk SRH and QD radiative recombination are responsible for the observed degradation of the above-gap EQE.
If the doping density is further increased, the QD layers turn into effective recombination centers for carriers photogenerated in the barrier and become the dominant recombination mechanism in the flat band region. This yields the increasingly large J sc penalty observed in Fig. 3 at increasing per-dot-density, regardless of the bulk SRH lifetime. PL measurements at short-circuit can be used to quantify the overall impact of carrier loss through the QD recombination channels [7] . The enhancement of QD recombination at high doping levels is revealed by the dependence of the shortcircuit integrated PL intensity on doping density, as shown in Fig. 8 . The GaAs barrier is excited with a monochromatic light at 532 nm and an excitation intensity of 1.1 W/cm 2 . As shown in the inset of Fig. 8 , PL spectra are recorded in the wavelength range of QD emission including photoluminescence from GS, ES and WL. At low doping levels, α < 5, the PL is slightly quenched due to the dominant SRH recombination in the neutral base, as previously discussed for the 4 e/dot modulation doped cell. At higher doping levels, a large enhancement is observed for the modulation and uniform doping cases, whereas this enhancement remains quite limited for the direct doping case. Ideally, to preserve the J sc , the QDs should present the smallest possible luminescence after exciting the bulk because photoexcited carriers should be removed by the barrier towards the contacts before being captured in the QDs. This is indeed true in both the undoped and directly doped cells, whose PL intensity is extremely small in comparison to the modulation and uniformly doped cases for the same doping level. The valence band wells arising in the modulation and uniformly doped structure promote the accumulation of holes in the QD region yielding reduced escape towards the barrier and increased recombination. On the other hand, in directly doped cells, the energy band profile is not significantly affected and holes remain delocalized across the barrier, since doping is almost confined within the QD layer. In this case, hole filling comparable to the one found in the 4 e/dot modulation doping case, and thus comparable PL emission, requires more than triple doping density (for a comparison, see the occupation probability distributions in Figs. S4-S5 of the Supplementary Material). ). In the undoped device, recombination is dominated by QD radiative recombination through the GS across the whole base except for the QD layer next to the n-contact, wherein the peak of the electrical field maximizes the SRH bulk recombination. The displacement of the junction towards the n-contact, despite the base being intrinsic, is again a result of the large asymmetry between the QD electron and hole dynamics. Under forward bias condition, a large amount of electrons are captured in the QD states while holes, owing to their fast escape rate, remain almost free and delocalized across the barrier. Thus, the barrier is rich of free holes and the junction is displaced towards the n-contact. In the modulation doped cell, we observe a reduction of GS radiative recombination and an increase of bulk SRH such that the two rates become comparable and limit the V oc at the same extent. SRH recombination is quite uniform across the whole base with a slight peak towards the p-contact. Finally, we observe a slight onset of ES and WL recombination.
Open circuit condition
To better understand how doping allows for photovoltage recovery, we analyze in Fig. 10 the QD radiative and SRH recombination rates (integrated over the base) as the voltage changes from the maximum power point (around 0.7 V for all the devices) up to V oc . 1 In the undoped cell, the dominance of QD radiative recombination across the neutral part of the base shows up with an almost unitary ideality factor of the total recombination current, whereas the small SRH recombination contribution, being confined to the depleted region, is characterized by a larger ideality factor. For the undoped cell, V oc is limited at about 0.83 V by QD radiative recombination. At this voltage, the modulation doped 0 0.5 1 1.5
x ( m) TOT rad,QD rad SRH (note that U rad , not shown here, is always negligible across the base region). The voltage sweeps up to the V oc of each cell, i.e. about 0.83 V, 0.85 V and 0.9 V for undoped, modulation doped and direct doped cell, respectively. 1 It is worth mentioning that while the behavior of the integrated recombination rates at high voltage, when the cell operates close to flat-band condition, provides a straightforward means to assess the loss mechanisms of injected carriers, the same does not apply at low voltages, when the overall charge balance across the cell is significantly affected by the gradient of the carriers current components.
cell shows suppressed QD recombination, thus a higher V oc is attained. The V oc achieves the value of 0.85 V and is limited by both SRH and QD radiative recombination. Note in fact that now, due to the flat SRH profile across the base observed in Fig. 9(b) , also the SRH equivalent recombination current increases with an almost unitary ideality factor. Finally, the voltage dependence of the integrated recombination rates for the 18 e/dot directly doped cell is reported, showing a V oc recovery of about 70 mV with respect to the undoped cell. Due to the higher doping density, at voltage values corresponding to the V oc of the undoped and modulationdoped cells, the directly doped cell shows greatly suppressed radiative and SRH recombination. Radiative recombination is blocked by the GS carrier filling, while SRH recombination is kept small because of the slight barrier potential profile modification. When the cell reaches the V oc of about 0.9 V, QD radiative recombination through the WL is the main recombination channel. It is worth mentioning that while the behavior of the integrated recombination rates at high voltage, when the cell operates close to flat-band condition, provides a straightforward mean to assess the loss mechanisms of injected carriers, the same does not apply at low voltages, towards short circuit, when the overall charge balance across the cell is significantly affected by the gradient of the carriers current components (i.e. the Quasi-Fermi levels).
A systematic analysis of the open circuit PL intensity as a function of the per-dot doping density has been carried out for the different doping profiles, by considering three possible scenarios in terms of barrier material quality, modeled by using SRH lifetimes of 500 ns, 10 ns, and 1 ns. The PL excitation is set as in the previous study at short circuit. Since very similar trends are observed for all the doping profiles, we report in Fig. 11 only the results for the direct doping case, and we refer the reader to Fig. S7 in the Supplementary Material for the other case studies. To help the discussion, besides the overall integrated PL intensity (including emission from all the QD states) also the contribution from the GS and ES states only is singled out. It is seen that the trends of the integrated PL (IPL) intensity with doping density are very much dependent on the SRH recombination lifetime, because the introduction of doping changes the amount but also the balance between SRH and radiative loss. For negligible SRH recombination ( τ = 500 ns SRH ) and regardless of the doping method, the IPL intensity versus doping level reaches a maximum and then slightly decreases. The maximum is due to the onset of significant radiative recombination through the WL state, whereas radiative recombination in the GS and ES is almost quenched by the blocking of electron capture in these states (already filled by the doping induced free electrons). This means that in the ideal bulk material case, the achievable photovoltage will be ultimately determined by carrier capture and recombination through the WL. For shorter bulk SRH lifetime (τ = 10 ns SRH ) the undoped cell maintains the PL intensity as high as in the high quality material case, indicating once again QD radiative recombination as the dominant V oc degradation factor. In contrast, with dopant insertion, the PL intensity is initially quenched to a minimum value for α¼8 e/dot and then starts to increase with the doping density owing to the onset of WL emission. The observed PL minimum is due to the predominance of the SRH channel loss against QD capture/radiative processes. As doping is further increased, WL emission becomes predominant over ES and GS emission and SRH recombination as well. Thus, WL recombination might remain an important cause of V oc degradation even in cells with significant SRH recombination. Finally, in the case of highly defective barrier material (τ = 1 ns SRH ), besides a visible quenching of the PL already present in the undoped cell, it is interesting to observe the strong PL quenching in the doped cells that appears at low doping density. The PL minimum is displaced at lower doping levels (α ¼2-3 e/ dot) and the intensity is attenuated of about one order of magnitude with respect to the undoped case, indicating a strong prevalence of SRH recombination. Taking into account that in the investigated devices such low values of α may be correlated to an unintentional background doping of about 10 16 cm À 3 , this result suggests that background doping of the interdot layers must be carefully considered when interpreting open circuit PL measurements, since it may significantly impact the recombination mechanisms. Summarizing, in devices with non negligible nonradiative recombination we may identify three ranges of doping levels (due to background doping or selective doping) characterized by a different mechanism that ultimately limits the attainable photovoltage: in purely undoped cells V oc is always limited by radiative recombination through the GS/ES states; at intermediate doping levels V oc is limited by SRH recombination, and finally, at high doping levels, QD radiative recombination through the WL state becomes the dominant mechanism. Thus, combining selective doping techniques with WL reduction [25, 26] , a larger thermal decoupling between barrier and QD is expected (also in highquality crystals) and a larger V oc recovery should be achievable.
The interplay between the SRH and QD radiative recombination gives rise to significant nonlinear behavior with respect to the PL excitation intensity. Fig. 12(a) analyses in detail the PL behavior with respect to the per-dot doping density of the directly doped cell for τ = 10 ns SRH and τ = 1 ns SRH and different excitation power densities. By decreasing the PL excitation from 1.1 W/cm 2 down to 0.1 W/cm 2 , the IPL quenching at low doping levels is enhanced and so is the subsequent increase of the IPL with doping due to the emission from the WL states. The suppression of GS and ES emission and the concomitant enhancement of WL emission as doping density increases is highlighted in the PL spectra in Fig. 12  (b) barrier interface result to be limited to a few meV.
The dependence of IPL intensity on excitation power density for the undoped, 1 e/dot and 18 e/dot directly doped cells is reported in Fig. 13 . For high-quality crystal cells (not shown here) we verified a linear behavior of the IPL intensity vs. excitation density and almost coincident IPL values, regardless of the doping level. In the defective bulk cases, the undoped and 18 e/dot cell, dominated by QD radiative recombination, show a linear behavior of the IPL with excitation intensity (i.e. unitary slope in both the log-log plots in Fig. 13 ). In contrast, the 1 e/dot cell, dominated by SRH recombination, shows a superlinear behavior (i.e. a slope of about 1.8 in the log-log plot) across the whole range of excitation power when τ = 1 ns SRH ( Fig. 13(b) ), and a change of behavior, from slightly superlinear at low excitation (slope of about 1.2) to linear at higher excitation, when τ = 10 ns SRH ( Fig. 13(a) ). Similar results were reported for directly doped QDs in Ref. [15] and for modulation doped QDs with dot-in-a-well structure in Ref. [27] : superlinear excitation dependence of PL intensity was observed in undoped QDs, whereas doped QDs showed an almost linear behavior. The change in excitation power dependence was explained in Ref. [15] by the effectiveness of QD doping in inactivating nonradiative recombination, while [27] attributed it to a change in the dynamics of electrons and holes in QDs (from uncorrelated dynamics in the undoped QDs to correlated dynamics in the doped QDs) due to enhanced Coulomb attraction induced by the excess carriers in the dots. In Ref. [28] , by studying undoped QDs confined in an AlAs/GaAs superlattice which inhibited transport of carriers in the barrier, it was already suggested that independent e-h dynamics is at the root of the onset of superlinear dependence on excitation power. It is worth noting that our model indeed assumes independent e-h dynamics in the dots but, according to the results, the space-charge and barrier transport are the factors that ultimately correlate the e-h pair dynamics. According to our simulations, the superlinearity is actually triggered by the presence of defects which affect the diffusion across the barrier [29] , at least as long as barrier transport exists. Thus, the change from superlinear to linear dependence of the IPL intensity on excitation power density induced by selective doping can be interpreted as a signature of suppressed nonradiative recombination.
Conclusions
We have presented an extensive study of selectively doped QDSCs, based on an advanced simulation tool that allows to describe in a comprehensive and self-consistent way barrier transport and QD carrier dynamics. We have clarified that the negative impact of p-type doping on the achievable V oc observed in highquality crystal samples is due to the asynchronous and faster dynamics of holes with respect to electrons. The impact of n-type doping on the photovoltaic characteristics has been addressed under different scenarios of barrier material quality. Improved power conversion efficiency with respect to undoped cells is predicted, despite a degradation of short circuit current, thanks to a remarkable V oc recovery. In high quality crystals, photovoltage is recovered thanks to the suppression of capture and recombination through the QD confined states, whereas in defective crystals the recovery is the result of suppression of both nonradiative and radiative loss channels. In both cases, at high doping density, relaxation and recombination through the WL remains as the ultimate factor limiting the cell photovoltage. The competition between QD radiative and barrier nonradiative recombination causes a strong sensitivity to the background doping of the QD region and gives rise to significant nonlinear behavior of the integrated PL intensity with respect to the excitation power density. We finally demonstrate that the superlinear behavior is a footprint of dominant nonradiative recombination, whereas radiatively limited cells, despite the assumed uncorrelated electron and hole dynamics, show a linear behavior. Overall, the study presented here provides a coherent interpretation of the various results reported in literature and a deeper insight on the device-level changes induced by doping in view of designing high efficiency QDSCs. 
